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ERRORS  IX  THK  MEASUREMENT  OF  SPECTRAL 
LINE  DISPLACEMENTS 

I!v  Kaimi  K.  DkLirv 
'pHE  presence  of  systematic  errors  of  a  personal  nature  in  the 
n,eas„re„.ents  of  the  positions  of  spectrum  lines  has  often 
been  suspected,  yet  little  attempt  has  been  made  to  detern.ine 
the.r  character  and  n.agnitude.     In  the  present  papx-r  a  method 
for  „,vest,gat„,g  and  eliminating  these  errors  is  described  along 
with  some  measurements  made  in  connection    wi' "      ■       .^rokleur 
of  the  solar  rotation,  after  first  briefly  mention,.  of  the 

more  important  questions  likely  to  be  affected  bv  s.         r-  >rs 

Systematic   personal   errors  are  suspected' lo  occur  in' the 
measurements  of  the  following  investigations : 

(a)      The  determination  of  7vave-iengths.     The  greater  part 
ot   this   work  involves   repeated    "settings-    on    the  lines  whose 
wave-lengths  are  sought  and  on  otL.r  lines  called   "standards- 
whose  wave-lengths  are  known.    These  "settings"  consist  inturn- 
mgs  of  a  n.icrometer-screw  carrying  the  measuring  microscope  or 
the  photograph  of  the  spectrum,  until  the  line  or  lines  of  the 
"ucroscoi^e  are  placed  as  closely  as  the  measurer  can  see.  over  or 
symmetrically   about   the   centres,    centres  of  intensitv  or  some 
other  selected  part  of  the  spectrum  lines  and  recording  the  cor- 
responding  scale-readings.     It   is   obvious   that    if  one  observer 
uses  the  centre  of  the  line  for  his  settings  and  another  uses  the 
centres  of  .ntensity.  systematic  errors  will  occur,  since  for  some 
lme.s  the  two  "centres  •   coincide,  while   on   others  they  do  not 
Again,  even  if  two  persons  strive  to  set  on  the  same  part  of  the 
iMie  such  things  as  unsymmetrical  shading  of  the  line,   the  near- 
ness of  other  lines,  etc.,  may  affect  them  differently  and  result  in 
different  settings  with  consequent  errors  in  the  determination  of 
the  wave-length.     Such  errors  are  so  small,   when  the  spectrum 
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is  on  a  large  scale,   ihat   for  ordinary  purposes  the  measurements 
are  suffioienlly  accurate      In  the  determination  of  standard  wave- 
len^thii,  however,  an  effort  should  lie  made  to  eliminate  even  these 
errors.     It  is  generally  assumed  that  the  mean  of  the  measurt- 
nients   of   several    measurers    is   well    within    the    limits  of  the 
accidental  errors.     This  is  not  necessarily  the  case,  however,  for 
disturbing  influences  such  as  those  mentioned  aliove  may  operate 
on  the  measurements   systematically    in    the  same  way   for   the 
different  persons.     There  is  apparently  some  evidence  of  this  in 
the  determinalion  by  interferometer  methods  of  the    "Secondary 
Standards   of    Wave-length.    International    System,    in  the    Arc 
Spectrum   of    Iron,"*   by    Fabry    and    Buisson.    I'versheim  and 
Pfund,  as  the  following  quotation  from   IL.    Kayser's   pajicr   o'l 
"Standards  of  Third  Order  of  Wave  lengths  on  the  International 
System,"  +  would  seem  to  show :  "I  have  employetl  as  .standards 
the  arithmetical  means  of  the  measurements  of  Fabiy   and   Buis- 
son, Eversheim  and  Pfund.     The  portions  of  spectrum  measured' 
were  always  between  three  or  four  successive  standards,  so  that 
each  line  is  referred  to  as   many    neighboring   standard    lines    a.s- 
possible.    It  turned  out  that  measurenieiis  of  the  same  .sharp  lit»e 
on  different  plates  yielded  differences  of  not  more  than  from  H  (X^l 
to  0  0(>2A  wlien  the  same  standards  were  emplox  td  ;    but  if  diff- 
erent   standards   were   employed,    differences   as   great  as  about 
()•()()()  occurred.     Tiiis  proves  that  some  of  the  standards  c(  nt«)itt 
errors  of  from  ()0()4  toOOO'iA,    and    that    measnrenunts   ot    the 
best  plates  in  the  second  order  give  a  greater  degree  of  accuracy 
than  that  of  the  .secondary  standards  "     I  cannot  say   that   I    am 
wholly  convinced  by  the  argument.      It  seem.s-to  me  (juite  poss- 
ible that  K.ay.ser"s  own  settings  on  the  secondary  standards  may 
contain  systematic  errors  greater   than   the  diffeieiices    in    the 
"measurements  of  the  same  sharp  line  on  difforent  plates.  '    Mlovv- 
ever.the   fact   remains   that  in    the  determinations  of  either^  the 
secondary  or  tl     tertiary  .standards,  or  both,   t/iete  are  sysifHiatic 
errors  greater  than  the  accidental  errors  of  measurement. 

(b)      The   determination   oj  stellar   radial  velocities      111  this 
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work  systematic  enors  >.i  nieasureineiit  are  more  likely  to  occur 
tlian  in  any  other  involving  the  measurement  of  spectra,  because 
tite  spectra  measured — the  star  spectrum  with  its  usually  diffuse 
absorption  lines,  and  the  comparison  sjiectrum  with  its  strong 
emission  lines  -are  so  different  in  character.  Kurlhermore,  since 
the  lines  of  the  star  spectrum  often  differ  greatly  in  appearance 
and  are  iii  regions  of  the  continuous  spectrum  of  different  intens- 
ity, systematic  differences  in  velocity  for  the  various  lines  are 
likely  to  be  found,  and  since  the  star  spectra  are  on  a  very  small 
scale,  these  may  represent  variations  of  several  kilometres  per 
second.  Such  differences  \v'  /e  been  found,  and  though  there  are 
plausible  physical  explanations  which  one  can  give,  such  as  elec- 
trical or  magnetic  effects,  pressure  effects,  the  pre.sence  of  other 
bodies  or  of  a  hazy  envelope  about  the  star  having  a  different 
motion,  etc.,  yet  it  would  be  well  before  employing  such  theories 
to  eliminate  the  possibility  of  systematic  errors  of  mea.«nrement. 

(< )  The  comparison  of  various  ti^ions  in  the  sun  -a-ilh  one  an- 
other and  with  standard  spectra.  Much  of  this  work  depends  on 
comparative  measurements  of  spectra  of  different  character,  and, 
as  pointed  out  above,  is  therefore  liable  to  contain  systematic 
error.  Among  the  more  important  investigations  in  this  field  are 
some  of  those  carried  out  at  Mount  Wilson  Solar  Ob  ervatory,  on 
the  displacements  of  the  .spectrum  lines  at  he  sun's  limb*,  and 
the  motions  of  calciinn  vapor  in  the  solar  atmosphere  f  and  over 
st>ecial  regions  in  the  sun.  %  The  accidental  errors  of  measure- 
ment in  this  work  are  extremely  low,  a  precision  of  COOlAbeing 
aimed  at,  and  such  being  the  ca.se  it  would  be  well  worth  while 
to  test  for  systematic  errors  which  may  well  exceed  this  small 
(juantity.  p-urlhermore,  in  deciding  whether  the  interesting 
results  observed  in  these  researches  are  due  to  pressure  or  to  con- 
vection very  accurate  references  to  laboratory  comparison  spectra 
were  necessary,  and  the  spectra  compared  being  widely  different 
the  decisions  may  have  been  affected  by  systematic  error.      ICven 

*\Valtcr  .S.  .\(lams.  AstrophysUal   fouriial,  XXXI  ,   jO-6i, 
Hliarles  K.  St.  !ohii,   fhiJ,  X.XXII,  36-82. 
♦Charlts  K.  St.  John.   /f>i,l.  XXXIV,  57  78. 
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is  oil  a  lame  scale,   that   for  ordinary  pnrpo>cs  the  measurement?* 
are  sufficiently  accurate      In  the  determination  of  standaril  wave- 
lengths,  however,  an  effort  should  l)e  made  to  eliminate  even  these 
errors.     It  is  ^fnerally  assumed  that   the  mean  of  the  measurt 
ments   of   several    mtrasiirers    is   well    within    the   limits  of  the 
accidental  errors      This  is  not  necessarily  the  case,  however,  for 
disturhiuK  influences  such  as  those  mentione»l  alx>\e  may  o]ierate 
o!j  the  measurements   systematically   in   the  same  way  for  the 
different  persons.     There  is  apparently  some  evidence  of  this  in 
the  determination  by  interferometer  methods  of  the   "Secondary 
Standards   of    Wave-length,    International    System,    in  the    .\tc 
Spectrum    of    Iron,"*   by    Fabry    and    Huisson.    I-Aer^heim  and 
Pfund,  as  the  folh>winR  (piotation  from    H.    Kayser's    i  .(h  r   oi 
"Standards  of  Third  Or  hr  of  Wave  lenglbs  on  t'      Inter nati..iial 
System,"  +  would  seem  to  show  :  "I  have  enijili    td  as  st  ■     lards 
the  arithmetical  means  of  the  measurenieiits  o.  i  abiy   an  i    Hni 
son.  Kversheim  and  IMund.     The  portions  of  spectrum  nie  i-nrfu 
were  always  between  three  or  ft)ur  successive  stand.trdx,  s..  Ui.. 
each  line  is  referred  to  as   many    nei);hborinK   standaid    lint-- 
}K)Svible.    It  turned  out  that  measurenvnts  of  the  >anie  sli.iip  hi 
on  different  jdates  yielded  differences  of  not  morelnan  fnnii  <•  i:(». 
to  0  (X)2A  wlien  the  same  standards  were  emphntd  ;   but  it   <litT 
ereiit   standards   were   employed,    differences    as   jjieat   <>  about 
()(<0()  oocurred.     This  proves  that  some  of  the  standards  ct)ntaiii 
errors  of  from  OtXll  to  l>0<)-")A,    and    tbat    intr  asi:re'!:>  nt-    dI    tlie 
liest  plates  in  the  second  order  give  a  greater  degree  of  accuracy 
than  that  of  the  .secondary  statidards"      I  cannot  say   that   I    am 
wholly  convinced  by  the  argument.       It  seems  to  me  i|Uite  poss- 
ible that  Kayser's  own  settings  on  the  secondary  staiulards  may 
contain  systematic  errors  greater   than    the  differences    ii\    the 
"measurements  of  the  same  sharp  line  on  different  plates."    How- 
ever, the   fact   remains   that  in    the  determinations  of  either  the 
secondary  or  the  tertiary  standards,  or  both,   tlieif  aie  systematic 
en ors  greater  than  the  accidental  rrrois  of  nicasiircment. 

(b)      The   determination   oj   stellar   radial   velocities       In  this 
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worlv  systematic  errors  of  measurement  are  more  likely  to  occur 
than  in  any  other  involving  the  measurement  of  s|iectra,  because 
the  spectra  measured — the  star  spectrum  with  its  usually  diffuse 
absorption  lines,  and  the  comparison  si)ectruni  with  its  strong 
emission  lines — are  so  different  in  character.  Kurthermoie,  since 
the  lines  of  the  star  spectrum  often  differ  greatly  in  appearance 
and  are  in  regions  of  the  continuous  spectrum  of  different  intens- 
ity, systematic  differences  in  velocity  for  the  various  lines  are 
likely  to  be  found,  and  since  the  star  spectra  are  on  a  very  small 
scale,  these  may  represent  variations  of  several  kilometres  per 
second.  Such  differences  have  been  found,  and  though  there  are 
plausible  physical  explanations  whicli  one  can  give,  such  as  elec 
trical  or  magnetic  effects,  pressure  effects,  the  pre.sence  of  other 
bodies  or  of  a  hazy  envelope  about  the  star  having  a  different 
motion,  etc.,  yet  it  would  be  well  before  employing  .such  theories 
to  eliminate  the  pos.sibility  of  systematic  errors  of  niea.«urement. 

(<■)  The  compafison  of  various  tcgions  in  the  siiii  u-ith  one  an- 
olhet  and -with  standard  spectra.  Much  of  this  work  depends  on 
ccninarative  measurements  of  spectra  of  different  character,  and, 
.1?  pointed  out  above,  is  therefore  liable  to  contain  systematic 
error.  Among  the  more  important  investigations  in  this  field  are 
some  of  those  carried  out  at  Mount  Wilson  Solar  Observatory,  on 
the  displacements  of  the  .spectrum  lines  at  the  sun's  limb*,  and 
the  motions  of  calcium  vapor  in  the  solar  atmosphere  f  and  over 
special  regions  in  the  sun.  |  The  accidental  errors  of  measure- 
ment in  this  work  are  extremely  low,  a  precision  of  COOlAheing 
aimed  at,  and  such  being  the  case  it  would  be  well  worth  while 
to  test  for  systematic  errors  which  may  well  exceed  this  small 
quantity.  Furthermore,  in  deciding  whethtr  the  interesting 
results  observed  in  these  researches  are  due  to  pressure  or  to  con- 
vection very  accurate  references  to  laboratory  comparison  spectra 
were  necessary,  and  the  spectra  compared  being  widely  different 
the  decisions  may  have  been  affected  by  systematic  error,      liven 

•Walters.  .KA^xai,  AstrophysUal   Journal,  XXXI.,  30-61, 
tCbarles  K.  St.  John,   Ihid,  XXXII,  36  8 J. 
;Cliark-s  K.  St.  John,   Ihid,  NXXIV,  57   78. 
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so   may   be   alTectcil   the   resu  ;     i  :  .vc<l  from  the  coiiiparis'on  of 
••cnhaiicf<i"  and  "arc"  lines  in  uie  same  siwctrnni* 

^d)      Tilt  dfh-niiiniUioH  of  Iht  rate  of  tin   aclar  tolatiou.     The 
nictlKul  chiefly  used  at  present  in  the  investigation  of  the  rate  of 
the  suns  rota'  •)n.  is  that  enii)U>yeti   by    Adams  i    at   tlie    Moiitit 
Wilson  Sohn  Observatory,  namely,  the  measurement  of  the  >|hc 
tral  lini'  displacements  in  adjacent  simultaneoiisly   taken  photo 
graphs   of   the   spectra    from    opposite  ends  of  a  diamet-r  of  tl; 
sun's  disc.     These  measurements  differ  from  tlui>c  niat.v-  in  the 
invesii>;ations  mentioned  above,  in  that  the    relative   iMi>itions  of 
///<•  iaiiii  spectral linti  in  tii-o premmablv  similar  sprdia  are  sought, 
and  consecpi'  itly  it  is  not  so   easily    imanined.    as    .n    the   ca>e 
where  /r.-o  a        int  sfxctra  fre  compared,  how  systematic  errorsot 
meas  irpmen    ...ay  happen.     Nevertheless,    it   was  in  connection 
\. iti:  'his  very  problem  that  I  first  suspectetl  the  presence  of  such 
erro-        In  190*.)  I  measured  a  few   plates  of   the   solar   rotatit«n 
effect  V  hich  I  m.ide  with  the  twenty-three  foot   Littrow  --pectro- 
Urapl.  usinji  a  plane   gratijig    which    apparently    on    accotuit    of 
curvature  of  the  Hues  J  produced  .sjiectra  of  very   poor  definition. 
The  spectrum  lines  were  not  .sharp  and  the  continuous  spectrum 
was  nebulous.     From  my  measurements  of  from  .'.<>  to  >^()  lines  on 
each  of  three  plates,  I  noted  that  the  ^;reater  proiHi.tion   of  the 
lines  jjiving  the  largest   values   of   the    measured    displacements 
were  the  broader  and  more  fuzzy  lines  or  those  very  close  to  other 
lines  or  to  nebulous  regions  of  the  spectrum.     .\    few    >catttretl 
mea  uremeuts  on  other  plates  seejned  to  ccmftrm  tliis  observation. 
Measurements  of  one  of  these  plates  were  published  along  with  a 
description  of  the  Spectrographs  simply  to  illustrate  the  methiKl, 
but  even  from  these  SO  measurements  the  tendency  for  the  broa<l- 
er  and  more  diffuse  lines  to  give  larger   values  for  the  (lisplace- 
ment  is  noticeable.    The  mean  velocity-equivalent  of  the  measured 
displacements  is  ITT  km.  per  second,   and    of   the   '••   lints   with 

•Walter  S.  Ailaiiis,  ".Some  results  of  a  sliidy  i>\  the  speilr.t  I'i  Siriii>,    rrdrvuu 
and  .\rctiiriis  with  \\\f,h  (lispersii)ii,"  Aslio/'lty.<ii<it  JiHinidl,  WXIIl..  (14   71. 
;'/W,  .\.\\I.,  2oJ:   \XI.\..  110:  XXVII.  -'li 
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values  greater  than  IVXtkin  jh-t  «.ccoiul,  4  arecxcL^ptioiially  broad 
or  fiiz/y  lilies,  1  is  in  a  iieUnlous  rej-ioii  ami  another  is  very  close 
to  another  spectrum  line,  as  follows  ;  410^  SIS,  fu/zy.  1 ' '.»•'>  km,  : 
41'.ll)  :i.")7,  fuzzy,  '2i:].  and  1  O.')  km.;  4_'.%  27'.»,  near  4-_>;5r)ll-2, 
1  O-i,  and  1  IM  km.  ;  4-_'4r)  !)r)(),  broad  and  fuzzy,  1  iU km. ;  4271  •.'525. 
broad  and  fuzzy,  lid  km.  ;  (427r'.i;>4,  broad  and  fuzzy  neij;h- 
boriii'j:  line  j*ives  a  value  nearly  as  Rreat,  1  •S7  km.);  42SS  .")10, 
nebulous  region,  I'.tS;  the  other  three  Hik-s  apj-tear  to  be  average 
lines.  These  measurements  with  the  others  mentioned  above 
certainly  warranted  the  suspicion  that  the  broader  and  more 
nebuluos  lines  gave  larger  values,  and  so  much  was  I  impressed 
by  them  that  my  suspicious  extended  to  the  measurements  of 
.\dams  on  the  rotation  (lot.  cH.)  values  for  the  two  very  broad 
and  shaded  lines  Ha  and  A  4227,  which  he  found  to  give  larger 
values  for  the  rate  of  the  sun's  rotation  than  those  obtained  from 
the  narrower  al)sorplion  lines.  I  felt  the  necessity  of  making 
lueasureinents  to  test  these  suspicions  but  thought  it  better  to 
wait  until  a  new  grating  giving  sharper  spectrum  lines  was 
obtained.  Consequently,  when  work  with  the  new  grating  was 
well  uiuler  way  and  some  measurements  were  made  which  still 
sliowed  systematic  tendencies,  particularly  some  comparative 
measures  by  dilTerent  persons,  I  propo.sed  to  make  te.sts  for  .sys- 
tematic error-  of  measurement  to  be  carried  out  in  connection 
with  the  ineastirements  of  the  plates  of  the  solar  rotation  effect,  in 
the  hope  that  the.se  errors  if  they  actually  existed  could  be  elimin- 
ated and  also  that  light  might  be  thrown  on  my  suspicions  as  to 
the  realitv  of  the  results  obtained  by  Adams  regarding  the  sys- 
tematically different  displacements  of  various  lines.  I  according- 
ly devised  a  method  of  attacking  the  problem,  a  de.scription  of 
which,  together  with  some  preliminary  measures,  constitutes  the 
the  remainder  of  this  paper. 

The  ni"thod  consists  essentially  in  introducing  by  mechanical 
means  on  the  spectrum  lines  under  investigation  an  arbitrary  dis- 
placement which  is  the  same  for  all  the  lines,  and  which  should 
yield,  in  the  absence  of  .systematic  errors,  the  same  measured 
values  within  the  limits  of  the  accidental  errors,  and  for  a  large 
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seiies  of  observations  the  same  means  for  all  the  lines  whether 
measured  by  the  same  or  diflerent  ohseivers ;  if  the  means  of  the 
measured  values  in  such  a  series  are  not  close  to  the  same  value, 
then  systematic  errors  are  present,  atul  their  ma>;nitude  and 
nature  can  be  determined  from  the  differences. 

The  arbitrary  displacement  ma>  be  intiodnced  by  taking  the 
photograph  of  one  six;ctrum  first,  then  shiftiuR  the  plate-holder 
and  taking  the  photograph  of  the  other  spectrum.  The  plate- 
holder  may  be  moved  between  stops  or  moved  b\  nieatis  of  a 
micrometer  .screw.  The  method  is  very  satisfactory  if  one  is  not 
anxious  to  have  the  displacements  on  a  series  of  plates  identically 
the  s^me.  For  several  reasons,  however,  I  desired  the  latter  con- 
dir-  a?id  accordingly  devised  a  second  method  of  obtaining  the 
displacement.  This  method  consi.sts  in  the  taking  of  spectra  from 
two  parallel  slits  whose  widths  and  distances  apart  are  adjustable 
and  may  be  kept  constant  for  a  series  of  jilates,  the  distance  apart 
of  the  .slits  governing  the  displacement  of  the  spectra.  To  repro- 
duce the  configuratian  of  the  "rotation  spectra"  taken  here,  1 
had  the  "double-slit"  con.structed  in  the  form  shown  in  the 
Figure,  which  represents  a  bird's  eye  view  of  the  apparatus.  /•', 
is  a  brass  frame  with  bevelled  runs  in  which  the  slit  jaws,  /,  /, 
work.  These  jaws  are  also  milled  with  bevelled  runs  in  which 
the  smaller  jaws/',  /',  slide.  The  slit  edges  of  all  these  jaws  are 
parallel,  and  they  are  1)evelled  back,  leaving  their  sharp  edges  in 
the  plane  of  their  faces.  The  smaller  jaws  were  set  in  the  larger 
and  their  edges  polished  simultaneously  to  insure  parallelism,  the 
polishing  being  done  on  plate-glass  with  the  finest  emery.  One 
of  the  jaws,/,  is  screwed  to  /•"  in  a  fixed  position,  while  the  other 
may  be  slid  back  and  forth  in  /•"  by  means  of  the  micrometer. 
Af,  with  the  aid  of  a  coiled  spring  as  in  ordinary  .spectograph  slits, 
and  the  distance  between  the  jaws  may  be  read  in  ten-thousandths 
of  an  inch.  The  slit  between  the  jaws,  /',  /',  may  be  adjusted 
to  any  desired  distance  to  either  side  of  the  slit  between  the  larger 
jaws.  The  widths  of  the  two  slits  will  be  the  same  if  they  are 
adjusted  so  that  they  close  simultaneously,  since  when  jaw  /  is 
moved   by   the   micrometer  it  carries  with  it  one  of  the  smaller 
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jaws.     A  mask  is  next  placed  over  the  slits  to  give  the  coiifigur- 
atioii  C  The  double-slit  replaces  the  ordinary  slit  of  the  sjiectro 
graph,  and  the  spectra  taken  are  represented  by  5.     A  precisely 
similar  mask  is  used  in  taking  the  rotation   sjwctra,  so  that  the 
widths  of  the  strips  of  spectra  and  the  distances  apart  are  exact- 
ly the  same.     Both  spectra  are  taken   from  the  same  distance- 
inside  the  limb  of  the  sun,   so  that  the  only  difference  between 
them  lies  in  the  fact  that  in  the  rotation  spectra  the  displacement 
01  the  spectral  lines  is  due  to  the  rotation  of  the  sun,  while  in  the 
double-slit  spectra  the  displacement  is  caused  by  the  displacement 
of  the  slits  and  is,  therefore,  the  same  for  all  lines.     Measurements 
of  the  latter  should  therefore  reveal  the  exact  nature  of  the  errors 
of  measurement  of  the  former.     In  a  somewhat  similar  manner 
the  double-slit  may  lie  employed  to  investigate  the  errors  of  meas- 
urement in  connection  with  the  other  problems  mentioned  above. 
If  the  double-.slit  is  to  be  u^ell  very  much  it  will  be  found  advan- 
tageous to  provide  a  micrometer  attachment  to  the  right-hand 
javv.y,  so  that  its  distance  from  the  slit  made  by  the  larger  jaws 
may  be  readily  adjusted.     For  use  in   the  present  investigation 
the  displacement  was  fixed  at   about    OOTnim.,   the  value  of  the 
displacement  at  the  equator  on  the  rotation  plates  at  A  A'l'A),  the 
region  chosen  because   it  was  that  employed  by   Adams  in   his 
work  on  the  Solar  Rotation  and  is  the  common  region  selected  by 
the  International  Union  for  Co-operation  in  Solar  Research. 

In  making  the  measurements  the  large  Toepfer  measuring 
machine  of  the  Observatory  was  used.  This  iu'^trumcnt  has  a 
thread  :>Ocm.  (12  in.  )  long, and  of  05  mm.  pitch  and  is  capable 
of  measuring  over  the  whole  range  of  the  12  in.  plates  taken  in 
the  Solar  Spectrograph.  The  micrometer  reads  to  microns, 
and  estimations  to  one-tenth  of  this  value,  /.  r. ,  to  one  ttii-thou- 
sandth  of  a  mm.,  (0  0001  mm.)  may  be  made.  The  measuris 
given  in  the  following  Tables  are  expressed  in  this  unit.  All 
measurements  of  the  displacement  of  any  line  consist  in  taking 
the  difference  between  the  means  of  \  settings  on  th;  line  in  the 
central  strip  of  spectrum  and  the  mean  of  2  settings  on  the  line 
in  each  of  the  tw    outside  strips;  when  all  the  lines  in  (piestion  are 
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iticMSured,  the  plate  is  turned  throtigh  ISO*^"  (always  faceup)  and 
tliLMiicasurcnients  repeated,  the  run  of  the  micrometer  screw  htiiiji 
in  the  opposite  direction  :  the  mean  of  the  n.cans  from  the  two 
ni".s  d'  and  d" ,  for  each  line  is  the  measured  displacement,  d.  for 
that  line,  and  it  thus  depends  on  IG  settings.  Before  giving  the 
measurements  of  the  arbitrary  displacement  plates.  I  will  present 
some  results  illustrating  the  differences  in  the  measures  of  the 
same  lines  by  different  observers.  In  the  Tables,  d  denotes  dis- 
placement, and  ;  the  residual  of  the  di.splacement  obtained  by 
subtracting  the  mean  from  each  value  ;  />.  r.  denotes  the  probable 
resi  lual  (for  the  r's  in  (juestion). 


T.viu.i-:  I.-  ri..\Ti:,  LoTOa,  (rot.xtion  kfkect). 
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The 'liscuxjiioii  of  the  results  nivi-n  aljovc  can   lust  he   tnaile 
under  the  ht  iiliuKs  of  the  various  classes  of  errors  investiKatetl: 

Sv!:UniiUicdif)ttenifS  in  Hit  unasHuminh  b\ diffiunl iiitasntits. 
A  Kl;iiice  at  Tables  I.  and  II.  reveals  the  fact  there  are  systematic 
differences  in  the  measurements  made  l-y  different  jiersons,  and  in 
the  general  trend  the  results  indicate  that  those  who  have  had 
considerahle  experience  in  the  measuring  «>f  stellar  radial  velocity 
spettroKrams  Ret  hinher  values  than  those   who  have  ha<l   little 
experience  in  the  measurement  of  spectra.     The  differences  he 
tween  the  highest  and  lowest  values  of  the  mean  ilisplacements 
.ire,  from  Table  I.,  :'>:5,  /'.  '■-,  OIKK'.S  mm.,  and  from  Table  II.,  the 
same  vahn-,  :'.:*.,  representiuK  differences  «)f  0;!  \xi\  cent,   and   -IS 
per  cent  respectively.      Tl-se  differences  are  equivalent  to  differ- 
ences of  l>  i;;  and  (»  II)  km.  per  secimd  in  the  determination  of  the 
equatorial  rate  of  the  sun's  rot'ilion  from   similar  displacements. 
This  is  a  striking  difference,  and  the  ([uestion   arises;  Which  is 
more  near'y  the  true  value,  the  \\\f,\\   measurement,   or  the  low 
one  ?   and  further,  what  is  the  true  value?— for  olniously  it  is  not 
safe  to  take  the  mean  value  of  all  the  measurements  when  such 
systematic  errors  occur.     From  the  results  of    a   large   series   of 
measurements,  involving  double  mea.sures  on  1 1  differeiU  exposures 
(summarized  in  Tables  VII.  and  VIII. )     Mr.  Plasketfs  measure 
ments   are   seen    in    the   mean    to   be   greater  than    mine   by    t> 
ill   a   displacement  of    about   TOO.     This  difference   is  syst«.'mat 
ically  in  the  same  direction  with  the  exception  of  the  measure- 
ments for  •!  out  of  the  12  exp<isures,  and  3  out  of  the   1.')  lines, 
one  line  giving  the  same  mean.     This  difference  corresponds  to 
()():]  km.  jKi  second,  a  very  .small  quantity,  yet  it  is  in   the  hun- 
dredths of  a  kiK)meter  per  second  that  nearly  all  of  the  interest  in 
the  determination  of  the  solar  rotation  lies  at  the  present  time  in 
view  of  the  many  interesting  results  obtained  by  Adams  and  Halm. 
It  is  consequently  of  considerable  importance  in  such  investiga- 
tions to  make  allowance  and  correction  for  the  systematic  differ- 
ences in  the  measurements  of  different  persons. 

SystcmaHc  diffoemrs  depending  on  the  configufalu"  measuud. 
A  very  curious  systematic  difference  in  the  measuremti.i  of  the 
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tlisplaceinents  presf iits  itself  when  nieasiuf<«  are  matli'  one  'v.iv  :iii<l 
the  phite  is  reverse*!  ami  measured  in  the  othei  (Uieitio'.  ace 

of  tile  plate  heiiiK  up  in  all  nieasnretneiits.     Thi^tl  ""  whieli 

appirentlv  i-.  in  thr  same  sense  for  all  ohserver-i,    i-.      ,iiil>iteil   in 
Table  11.  where  nieasures  of  •»  lines  <ni  one  expo^me  ate  ^iven 
for  six  (liflerent  measurers,  atul  in  Tables  III..  IV.  anil  \'.  where 
my  own  measurements  of  H»  ililTerent  exposures  are  reeordtd.    It 
will  be  seen  from  Table  II.  that,  with  the  exception  ot  Mr.  I'las 
ketts  measurements  which  in  this  Table  do  not  show  the  effect, 
the  first  measurement,  /,  is  systeniaticalh  smaller  than  </".   the 
secouil  measurement,  for  eacli  line  with   one  exception,    and   foi 
each  observer.  In  the  mean,  d"  -  d'     ti'.M     .  M<'.     s,  a  iliffe  re  nee  cor- 
responding to  '     •■iS  km.  tier  second.     I*,  mv  larger  series  of  mea 
snrements  this  iK-culiarity  is  even  more  strikinjjly  shown.    In  the 
values  for  1,(54 1 .  Table  1 11 . .  we  have.  ,r  -  if     S'.»()    ,S(  tO     I  I ,  which 
corresponds  in  the  region  of  the  spectrum   measuttd.   to  about 
004  km.  per  second.     For  I.t!'.*'',  Table  IV.,  ihedifTereiice,  d"  -  </' 
^  (;«)!»    (>.S7     12,  corresponds  to  003   km.    per  second:   and    for 
L7<»1.  Table  V..  the  difference,  cf'-d     iVM    ^VM^     7,  conis|M)nd- 
to  OO-'  km.  i)er  second.       In  all  cases  for  the  measurements  of  d' 
the  configuration  of  the  lines  as  seen  in  the  eye-piece  of  the  mea 

I 
snring    machine,    was,  i    while  for  the  measure-. n;  <  "'"   it   w  is 


the  opposite. 


Furthermore,  the  carria>;c    v  .^   ail    i!i><''    so 
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that  the  spider  line  of  the  eyepiece  alway  \ 
central  line  first,  and  the  four  settings  werv 
tral  lin;  be'"  )re  passing  to  the  two  outside  lines, 
tliat  the  fac.  that  the  r/"  measures  were  made  sub 
d  measurements  has  anything  to  do  with  this  remark;*. )le  differ- 
ence :  (yet  there  is  the  possibility  of  one's  measurements  becom- 
ing more  "lilieral  "  as  he  continues  to  vneasure — a  "fatigue" 
effect;  nor  are  temperature  differences  in  the  micrometer  screw- 
caused  by  the  presence  of  the  measurer  while  securing  the  values 
of  d!  sufficient  to  account  for  the  larger  values  of  d' .  Xor  does 
th;    direction   of   turning  the  screw  account    for    the   difference. 
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for  in  the  nieasiireinents  of   U>41  the  screw  was  tiiriie.l   in  the 
opposite  direction  from  that  used  in  the  other  njeasureineiits,  the 
central  strip  being  displaced  to  the  red  of  the   two  outside  strips 
in  it  and  to  the  violet  side  of  the  spectrum  in  plates  L()5V.)  and  LTOl: 
to  get  the  same  configuration  in  the  microscope  for  the  d  measures 
it  was  therefore  necessary  to  start  the  readings  from  the  opposite 
ends  of  the  scale  for  the  two  opposite  displacements.     It   thus 
appears  that  the  difference  does  not  depend  on   the  direction  of 
turning  of  the  screw  hut  on  the  configuration  of  the  three  lines 
visible  in  the  eyepiece  of  the  measuring  machine.  Thus,  the  most 
plausible  explanation  of  the  difference,  it  seems  to  me,  is  a  "right- 
handed  and  left-handed"  effect.     The  fact  ..;.at  in  (f  the  lines  in 
the  two  outside  strips  appear  to  the  right  of  the  line  in  the  cen- 
tral strip,  and  that  in  d"  the  opposite  is  the  case  may  i>roduce 
effects   on    the   eye  resulting  in    this  curious   difference   in    the 
mea.sures  of  the  displacement.      I  try  to  eliminate  such  a  thing 
as  "muscular  memory"  by  taking  a  fresh   grip  on    the  turning 
wheel  before  each  setting.     Knrther-more  it  must  be  understood 
that   the    magnification    of    the    microscope    is    so    great    that 
when  a  setting  is  made  on  one  of  three  lines,  the  observer    is 
apparently  not  conscious  of  the  presence  of  the  other  lines:  the  above 
considerations  would  seem  to  indicate  that  the  other  lines  exert 
some  small  innnence  over  him  nevertheless.     In  Adams'  work  on 
the  rotation  two  strips  of  spectra  were  cr.-.ployed,  so  that  the  con- 
figuration of  the  lines  would  be  the  same  in  both  positions  of  the 
plate,  and  consetiuently  the  measured  displacements  are  liable  to 
be  toi)  large  or  too  small  from  such  an  effect  as  is  here  shown  to 
he  present.     This  effect  is  so  large  that   it   must  be  eliminated 
from  the  measurements. 

SysUmatu  dif/tumrs  /o>  diffettni  lines. 
l-rom  Table  VII.  it  will  be  seen  that  there  is  a  tendency  towards 
nes;alivc  icsiduals  in  my  measurements  in  the  cases  of  lines  S, 
11  mul  \1  ;  ami  positive  residuals  for  the  lines  5  and  14.  In  Mr. 
Plasketts  results  the  tendency  to  negative  residuals  occllr.^  in  the 
cases  of  lines  (i  and  S.  ami  positive  residuals  for  lines  -'and  7. 
Nearly  all  of  the^j  lines  have  som;  exceptional  characteristic;  — 
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line '2,  41'.t7-257,  CX,  is  a  weak  line  slifihtly  .liffnse  anil   sha.led 
asymmetrically:  line  o,  4-22.Vr.l'.>.  Ke.  is  a  son  1  stron-  line   with 
sli;^htly  diffuse  eil,>;es  and  it  is  near  the  strong,   broad   an.l  uchn 
Ions  line  of  Ca.  4227,  which  appears  in  the  tieUl  of  the  mioroscopf 
during  the  measurements  of  line  5;  line  (>.  42:V2  Ss7.  IV,  is  a  nar 
row  strong  line  ami  a  Rood  one  for  measurin;j;;  line   7,   424r2S.i. 
Fe-Zr,  is  narrow  and  weak;  line  S.  J2ir,'.)'.u;,  So.  is  a  stron-  and 
very  bro.id  line  but  it  has  sharp  edges  and    is   therefore   a    fairly 
good  line  to  measure:  11.  42GlV<tir.,  Mn.  2.  is  a  weak  line:  line  12, 
(42('.S-91."..  Ke.  isanarrow  line  withedges  .slightiy  ditT\i-e;  line  1  I 
42'.I0  377,  Ti.  isa  very  broad  line  with  its  edges  sharp  and  -trong. 
As  seen  in  the  last  paragraph  it  seems  very  probable  that  the  con- 
figuration of  the  line  plays  some  part  or  has  some  slight  cfTict  on 
the  measurements:  such  being  the  case  it  is  leasonable  tosiipposi- 
that  this  effect  will  vary   with   lines  of  different  character,   and 
conse<iuently  the  measured   displacements  may    vary.      I    made 
measurements  on  three  dense  exposures  of  the  Ca  line  122,  to-^ec 
if  any  exceptional  effects  were  present  such  as  those  ol)tained  for 
this  line  and  for  Ha  by  Adams  in  his  solar  rotation   work.     The 
errors  of  setting  were  very  large  and  nothing  definite  cmild  l>e 
found  from  so  few  measures.     Such  meas   res  should  be  made, 
and  preferably  inider  the  same  conditions  as  the  rotation  plates 
were  measured  by  Adams  and  Miss  Lasby.     The  pre>ent  results 
show,  however,  that  there  is  a  danger  of  svstematic  errors  being 
present    for    the  vanou.s  lines,  and  the  differences  obtained  for 
individual  lines  in  the  rotation  work   >hould  be  very  cnrefulh 
examined  by  the  person  making  the  measurements,  at  the  tune 
they  are  made  preferably,  to  see  if  they  are  due  to  such  svstem 
atic  errors  of  measurement 

It  will  be  seen  from  Tables  VII.  and  VIII..  that  the  juobablc 
residuals  for  the  different  lines  differ  greatly,  and  that  niv  /-./.  is 
much  greater  than  Mr.  Plaskett's.  This  is  probably  due  to  tlu- 
fact  that  the  latter  observer  has  had  a  great  deal  of  experience 
in  the  meisurement  of  the  broad  diffuse  lines  of  stars  sjisrctia. 
and  his  eye  is  accustomed  to  smoothing  out  the  irregulaiitie-^  in 
the  lines  due  to  the  grain  of  tlie  plate,  and  that  I  am  -till  hntlieieil 
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by  ii  and  have  more  difficiiUy  in  setting  on  the  centits  of  int  n- 
sity  of  the  lines.  It  is  likely  that  more  experience  will 
relieve  me  of  much  of  this  error.  These  errors  are  combined 
accidental  and  systematic,  and  probably  when  the  systematic 
errors  are  removed  the  residuals  will  be  greatly  lessened. 

Systematic  cfiors  in  scttinfi. 

In  Table  VI.  are  given  my  errors  of  setting  for  the  4  .settings 
on  the  lines  in  the  central  strips  (measured  both  ways)  of  Plate, 
U5'J'.).     The  numbers  are  the  means  of  the  residuals,  with  regard 
to  sign  and  without  regard  to  sign,  obtained  by  subtracting  the 
mean  of  the  t  settings  on  any  one  line  from  each  of  the  settings 
on    that    particular  line   and   taking   the   means  for  each  line. 
Though  each  line  has  its  own  peculiar  arrangement  of  the  posi- 
tive and  negative  residuals    for  each   of  the   4  settings— quite 
striking  in  some  ca.ses— yet  there  seems  to  be  no  general  systematic 
arrangement  of  these  signs.     The  means  without  regard  to  sign 
show  the  iieculiar  and  not  unexpected  result  that  the  tirst  settings 
arc  usually  farthest  from  the  mean,  while  the  residuals  for  the 
other   three  settings  are  of  about   the   same   magnitude.     This 
peculiarity  may  be  lessened  to  some  extent  by  viewing  the  lines 
as  a  whole  more  carefully  befoie  taking  any  .settitigs.     The  mean 
error  of  setting  is,     '    19G,  or  about  0002  mm.,   equivalent  to 
nearly  OOoG  km.  per  sec. 

The  above  results  were  obtained  in  measurements  of  the 
simplest  class,  namely,  the  relative  positions  of  the  same 
lines,  and  where,  therefore,  systematic  errors  are  not  so 
likely  to  occur  as  in  investigations  where  the  relative  posi- 
tions of  dijfctent  lines  are  determintd  ;  yet,  nevert'-  less,  the 
results  show  the  presence  of  systematic  errors.  It  ..;ay  be  taken 
for  granted,  then,  that  similar  and  larger  errors  occur  in  other 
spectro.scopic  measurements.  And  since  the  errors  are  .sufficiently 
hirge  that  their  removal  is  desirable,  a  general  method  for  the 
elimination  of  such  errors  is  neccs.sary.  An  obvious  method  of 
eliminating  some  of  these  errors  is  to  make  the  configuration  the 
same  for  each  measurement.      This  may  be  ?—oniplished  in  the 
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particular  case  exaniiiietl  above-  by  moans  ,.t  a  imneable  slit  whicb 
couUl  bL'  readily  placed  so  that  only  one  strip  of  siKCtrum  couUl 
besc^nata  time,  anvl  each  measured  in  turn.  In  the  -eneral 
case,  however,  where  dilTerent  lines  arc  compared,  this  would  not 
remove  the  individual  errors  of  each  line,  and  would  not  remove 
anv  svstemalic  errors  of  ■  memory  if  they  were  present.  The 
••  double-slit  ■■  used  above  olTers  a   more  complete   elimiuati.m  ot 

the  dirticultv  as  follows; 

By  means  of  the  double-slil  introduce  a  <lisplacement.  />,  on 
the  spectra  whose  normal  displacen.ent.  d.  is  .le.Mrcd  to  be  found. 
Hv  making  D  much  larger  than  ,/.  it  may  be  assumed    ( an.l  this 
point  could  easily  be  tested   by   use  of   the  double-slit)    that  the 
svstemati.    .    rors  in  measuring  /'  ^  '^  are  the  same  as  for  the 
measurement  of  D.     Thus  let  the  mvasnred  value  of  the  displace 
ment  be />   +  </  +  ',    then  the  meuMired   displ.icement  of  /)  wdl 
be  D    +    >\   and  the  difference  between  the  two  measurements, 
(/)  +  ^  +,.)_(/)  .^-  ,),  will  give  the  true  value.  </,  of  the  dis- 
placement sought.     The  principle  is  precisely  the  .^an;e  as  the 
••method  of  differences"   used  in  exact    weighings.       It    would 
involve  two  parallell  series  of  measurements,    but  the  detern;,u,i- 
tion  of  D  -^  e  would  probably  not  need  to  be  made  so  freciueutly 
as  the  determitiatiou  of  D  ^  d  -^  r.  after  one  became  somewh;.: 
fixed  in  his  habits  of  measuremei)'.     In  the  inwstigalion  of  the 
solar  rotation  this  methol  could  be  readily  applied.     The   dis- 
placements,  d,   in  our  work  here  range  from  a  littk  less  than  0  1 
mm    down  to  nearly  zero,  so  that  by  introducing  a  displacement 
D     1mm.    in    all    the    rotation    spectra   the    total   displacements 
would  be  so  nearly  constant  that  very  probabh    the  systematic 
errors  of  measurement  would  be  the  same  for  all,  and   one  deter 
mination  of  D  +  c  for  spectra  from  »',  or  7  different  latitudes  on 
each  plate  would  serve  to  eliminate  the. systematic  errors  in  tlu 
mean.   Absolute  values,  within  the  limits  of  the  accidental  errors, 
would  thus  be  determiueil  for  d,  and  the  results   of  the   measures 
made  by  different  observers  and  for  different  lines  should  agree 
very  closely.      I  hopj  to  test  the  method  in  the  near  future  and 
eliminate  the  errors  now  present  in  our  work. 
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Briefly  the  more  important  results  of  the  prestnt  investiga- 
tion are: 

(1)  A  method  is  des.'ril)?^  for  determitiinR  the  presence 
and  the  nature  of  the  errors  in  the  measurements  of  spectral  line 
displacements. 

(2)  There  are  systematic  personal  errors  in  the  measure- 
ments of  spectral  line  positions  and  displacements. 

(3)  The  errors  of  mea.surement,  both  accidental  and  system- 
atic, depend  .m  the  configuration  measured,  that  is,  on  the  group- 
inn'of  the  several  lines  in  the  field  of  the  measurin-  microscope. 
and  (Ml  the  characters  of  these  lines 

( 4 )  The  effect  on  the  measurements  of  different  observers, 
of  the  confiRuratio:.  employed  in  the  present  investigation  is  in 
the  same  sense. 

( .-) )  The  systematic  errors  discovered  in  the  present  case  are 
suiricientlv  lar^e  to  introduce  grave  errors  into  ones  results  and 
into  their  interpretation,  and  conseiiuently  one's  measurements 
cannot  be  accepted  as  sufficiently  accurate  without  the  elimina- 
tion of  these  errors.  Systematic  errors  ransing  from  0  liJ  km. 
IK-r  sec.  to  0  02  km.  per  sec.  were  found  in  measurements  such 
as  made  f..r  the  determination  of  the  rate  of  the  solar  rotation, 
the  value  for  which  at  the  equator  is  a  little  over  "ikm.  per  sec  I 
((>)  .Methods  for  the  diminution  of  these  systemati-  erro: 
are  described. 

That  the  systematic  errors  which  occurred  in  the  measure- 
ments of  the  arbitrary  displacements,  actually  occur  in  the 
measurements  of  rotation  plates,  is  seen  from  the  following 
comparative  values  of  the  equivalents  (in  kilometers  per  second  > 
to  the  measured  displacements  on  various  plates: 
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The  ...ccssitv  for  the  removal  of  the  errors  in  our  work  is 
thus  emphasi/ed.  I  hope  to  carry  on  furtlier  work  on  this.iuest- 
io„  of  svstemalic  errors  of  mea.urein.nt.  a.ul  to  investigate  such 
influences  as  intensity  of  the  photographic  plate,  the  magnitude 
..f  th=  displacements,  the  character  of  the  'i«e  with  particular 
reference  to  the  broad  lines  X  4-2>7,  and  llu;  and  especial Iv  to 
test    the    m=tho-ls   propose.l    above    for   the  elimination  ..f  these 

errors.  .  .    ,,  ,    ,i 

1    wish    to   thank   the    gentlemen    who   s,.  kindly  made  the 
comparative  measurements  given  here  ;  and   Mr.    I.ncas  tor  con- 
structing the  double  slit  to  work  so  eflkiently. 
Dominion  Oiiskkvatory, 
Ottaw.v,  Can.mja, 
December,   I'.Hl. 
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The  necessity  for  the  leinoviil  of  the  errors  in  our  work  is 
thus  emphasized.  I  hops  to  carry  on  further  work  on  this  .[iiesi- 
ion  of  systematic  errors  of  measurement,  and  to  investigate  such 
influences  as  intensity  of  the  photographic  plate,  the  maKuitmU- 
of  the  displacements,  the  character  of  the  line  with  particular 
reference  to  the  broad  lines  X  MTl ,  and  Ila,  and  especiallv  to 
test   the    methods   propose  I    above    for   the  eliminati.m  of  these 

errors. 

1    wish   to   thank   the    gentlemen    who   s.)  kindly  ii>ade  the 
comp.irative  measurenients  given  here  ;  and   Mr.    Lucas  for  con- 
structing the  double-slit  to  work  so  efficuntly. 
Dominion  ()h.skrv.\torv, 
Ottawa,  Canada, 
l)ccember,   I'.tll. 


